Proliferation in the subependymal zone (SEZ) and neurogenesis in the olfactory bulb decline in the forebrain of telomerase-deficient mice. The present work reveals additional effects of telomere shortening on neuronal differentiation, as adult multipotent progenitors with critically short telomeres yield reduced numbers of neurons that, furthermore, exhibit underdeveloped neuritic arbors. Genetic data indicate that the tumor suppressor protein p53 not only mediates the adverse effects of telomere attrition on proliferation and selfrenewal but it is also involved in preventing normal neuronal differentiation of adult progenitors with dysfunctional telomeres. Interestingly, progenitor cells with short telomeres obtained from fetal brains do not exhibit any replicative defects but also fail to acquire a fully mature neuritic arbor, demonstrating cell cycle-independent effects of telomeres on neuronal differentiation. The negative effect of p53 on neuritogenesis is mechanistically linked to its cooperation with the Notch pathway in the upregulation of small GTPase RhoA kinases, Rock1 and Rock2, suggesting a potential link between DNA damage and the Notch signaling pathway in the control of neuritogenesis. We also show that telomerase expression is downregulated in the SEZ of aging mice leading to telomere length reductions in neurosphere-forming cells and deficient neurogenesis and neuritogenesis. Our results suggest that age-related deficits could be caused partly by dysfunctional telomeres and demonstrate that p53 is a central modulator of adult neurogenesis, regulating both the production and differentiation of postnatally generated olfactory neurons.
Introduction
Aging in mammals is associated with reduced stem cell activity in different organs, leading to deficiencies in cell turnover and tissue repair (Flores et al., 2006; Rando, 2006) . Stem cell-based neurogenesis is restricted to two areas in the adult mammalian brain, the subgranular zone of the dentate gyrus and the subependymal zone (SEZ) adjacent to the lateral ventricles (Zhao et al., 2008) . In the SEZ, a slowly cycling population of glial fibrillary acidic protein (GFAP)ϩ astroglia/radial glia-like cells act as neural stem cells (NSCs), which primarily produce olfactory bulb (OB) interneurons (Zhao et al., 2008) . Adult neurogenesis declines with age, but the reasons are still unclear, although they may include changes in niche signals and/or cell-intrinsic factors (Tropepe et al., 1997; Jin et al., 2003; Enwere et al., 2004; Maslov et al., 2004; Luo et al., 2006; Molofsky et al., 2006; Ahlenius et al., 2009) .
Telomere maintenance appears to be essential for the prolonged persistence of stem cell function in organs with extensive cell turnover, and, consistently, adult stem cells exhibit high levels of telomerase, the ribonucleoprotein complex that extends telomere sequences after cell division (Caporaso et al., 2003; Flores et al., 2006 Flores et al., , 2008 . However, telomerase cannot completely prevent telomere shortening after extensive stem cell division, providing a putative mechanism for the timely limit of stem cell replicative history and subsequent progressive decay in the maintenance of organ homeostasis at old ages (Flores et al., 2006; Herbig et al., 2006) . Long-term maintenance of adult neurogenic niches appears to depend on telomere dynamics, as NSCs in the SEZ of late generation telomerase-deficient (Terc) mice become exhausted, leading to significant reductions in OB neurogenesis (Ferró n et al., 2004) .
Proper development of a neuronal population not only requires the generation of correct numbers of neuroblasts, but it is also dependent on the execution of appropriate terminal differentiation programs that ensure successful integration of newly generated neurons into functional neural circuits. Olfactory neurons produced in the adult SEZ participate in odor stimuli discrimination (Lledó et al., 2006) and therefore maintenance of a successful neurogenic process contributes to OB normal physiology. Telomerase expression in neural progenitors is downregulated during neuronal differentiation (Kruk et al., 1996; Caporaso et al., 2003; Cheng et al., 2007) and telomerase overexpression can inhibit neuronal differentiation in neural cell lines (Richardson et al., 2007) , suggesting that telomere lengths/telomerase activity may modulate neuronal differentiation. However, potential effects of telomere dysfunction on neural differentiation remain unknown.
We show that telomeres shorten with age in NSCs of the SEZ and that telomerase-deficient mice exhibit reduced neurogenesis but also impaired neuronal differentiation and neuritogenesis. Additional analyses in NSCs with short telomeres obtained from fetal brains demonstrate that altered neuronal differentiation and neuritogenesis are independent from telomere effects on cell cycling. We also show that effects of telomere dysfunction on neuritogenesis are mediated by p53-dependent regulation of the expression of RhoA effectors Rock1 and Rock2 and that this regulation can be modulated by cooperation with the Notch pathway. (Chin et al., 1999) . G 5 Terc Ϫ/Ϫ embryos were obtained from G 4 pregnant mothers derived from successive generations of crosses between Terc Ϫ/Ϫ mice. The genetic background for all genotypes was a pure C57BL/6 background. Housing of mice and all experiments were performed according to European Union 86/609/EEC and Spanish RD-1201/2005 guidelines, following protocols approved by the corresponding local ethics committees.
Materials and Methods

Animals
Histological analysis. Mice received seven intraperitoneal injections of 50 g/g body weight 5-bromo-2Ј-deoxyuridine (BrdU) (one every 2 h) and were killed either 1 h (for measurement of the proliferation labeling index) or 1 month (for determination of label retaining cells) after the last injection. Adult mice were transcardially perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4 (PB), and their brains were dissected and postfixed by immersion in the same fixative for 2-4 h. The brains of mice receiving BrdU injections on the day of killing were embedded in paraffin and serially sectioned into 7-m-thick sections, which were processed for the immunofluorescent detection of BrdU, GFAP, calretinin (CR), and ␤III-tubulin. The brains of mice receiving long-term injections of BrdU were serially sectioned into 30 m coronal sections using a vibratome and used for the detection of BrdU, GFAP, Sox2, and CR. The following primary antibodies were used: mouse anti-BrdU (Dako; 1:250) and ␤III-tubulin (clone Tuj1; 1:300; Covance); rabbit anti-GFAP (1:200; Dako), S100␤ (1:100; Dako), and CR (1:2000; Swant); and goat anti-Sox2 (1:50; R&D Systems). The immunocytochemical procedures were done according to published protocols (Ferró n et al., 2004 (Ferró n et al., , 2007 . Control samples without the addition of the primary antibodies yielded no signal. Immunofluorescent samples were analyzed and photographed using a fluorescence-equipped Nikon E600 microscope or a Leica Multispectral confocal microscope, and fluorescent individual images were merged using Adobe Photoshop. Colocalizations in multiple immunofluorescences were always analyzed in confocal series by the use of orthogonal projections. For quantitations, some structures were sampled by selecting predetermined areas on each section and some others were sampled by analyzing entire structures on each section. Every sixth section (180 m) from vibratome series of the OB was selected and stained for BrdU and CR. Four predetermined areas (50 ϫ 50 m) in the granule and periglomerular cell layers were analyzed on each section, and all immunopositive cells in these selected areas were counted. GFAPϩ cells in the SEZ were counted in every 20th section of the paraffin series (140 m) using four predetermined areas (50 ϫ 50 m). Graphs show the relative number of label-retaining cells (LRCs), of LRCs that are CRϩ (%CR/LRC), or of GFAPϩ cells. Some other labelings were sampled by analyzing the entire SEZ on each section. All BrdU and ␤III-tubulinϩ cells were counted in every 20th section of the paraffin series, and all GFAPϩ/Sox2ϩ/LRCs were scored in every sixth vibratome section. The absolute volume of the SEZ was calculated using a point-counting grid following the Cavalieri method in equivalent sections stained with cresyl violet acetate using a CAST-GRID software package (Olympus) adapted to an Olympus BX51 microscope. Cell counts were calculated and presented in the graphs as the total number of cells per SEZ. Volume of the OB was calculated using the same method. The SEZ volume was measured from the rostral tip of the crossing of the corpus callosum and extending caudally to the rostral tip of the crossing of the anterior commissure. The OB volume was measured between the rostral tip of the olfactory ventricle and the rostral limit of the accessory olfactory bulb.
Cell culture. Methods for adult NSC culture and self-renewal assessment have been previously described in detail (Ferró n et al., 2007) . Neurosphere growth medium contained 20 ng/ml epidermal growth factor (EGF) and 10 ng/ml FGF2. Methods for embryonic cultures and for growth curve determination have also been previously described (Ferró n et al., 2004) . All experiments were performed in neurosphere cultures before passage 10. For differentiation assays, cells were resuspended in control medium supplemented only with FGF2 (10 ng/ml) at a density of 100,000 cells/ml and plated onto Matrigel (15 mg/ml stock solution diluted 1:100 in control medium; BD Biosciences)-coated glass coverslips. After 2 d in vitro (div), the medium was removed and control medium supplemented with 2% FBS (Invitrogen) was added to improve neuronal survival and glial maturation. For clonal differentiation assays, individual neurospheres were attached to Matrigel and allowed to differentiate as described above. Striatal neurons obtained from embryonic day 14.5 (E14.5) embryos were plated on poly-D-lysine and cultured in D-MEM F12 with 10% FBS for 7 div. Cells, neurospheres, and striatal neurons were fixed in 4% PFA in PBS (0.09% NaCl in PB) for 15 min and examined using immunocytochemistry. Inhibitors {1S-benzyl-4 R-[1-(1S-carbamoyl-2-phenylethylcarbamoyl)-1S-3-methylbutylcarbamoyl]-2 Rhydroxy-5-phenylpentyl}carbamic acid tert-butyl ester (L-685.458) (1 M), added 2 div after plating, and ( S)-(ϩ)-2-methyl-1- [(4-methyl-5-isoquinolinyl) sulfonyl]homopiperazine (H-1152) (1 M), added at the time of plating, were both from Calbiochem. L-685.458 was dissolved in DMSO and control cultures were treated with 0.1% of the vehicle. For direct cocultures, wild-type (WT) or G 5 Terc Ϫ/Ϫ fetal neurosphere cells infected with green fluorescent protein (GFP)-carrying retrovirus (see below) were mixed with equal numbers of nontransduced wild-type cells and seeded for differentiation. Neuronal yield and neuritogenesis were analyzed by scoring and measuring all GFP-positive and GFP-negative ␤III-tubulinϩ cells in the cultures.
Cell transduction and luciferase assays. One million cells harvested in neurosphere medium were seeded in a 75 ml flask and electroporated after 2 div with 3 g of pcDNA-gfp or pcDNA-mTert-gfp constructs using an Amaxa nucleofector following the manufacturer's instructions (260 V; 1 mFa; A33 program). Cells were dissociated 24 h after nucleofection and seeded in 24-well plates for the differentiation assay. For p53 transactivation experiments, cells were conucleofected with pBR322-PIG3-luciferase (Contente et al., 2002) and with 1 g of pRLTK plasmid (Promega) carrying a Renilla luciferase. After a 48 h incubation at 37°C, the cells were washed three times with PBS and lysed by adding 100 l/flask lysis buffer solution for 20 min at 4°C. Firefly and Renilla luciferase activities were detected in cell lysates with the Dual Luciferase Assay System (Promega), following the manufacturer's instructions, and measured in a Micro Lumat P96V luminometer. Promoter activity was determined as the ratio between the firefly and Renilla luciferase activities, giving the 1 U value to the activity of the promoter in the differentiated and proliferating wild-type cells. Luciferase activity in nucleofected cells that were subsequently treated with the genotoxic drug adriamycin, which results in a significant increase in p53 activity, was used in each test as a positive control. peGFP-CMV/Luc, pMXIE-gfp, and pMXIE-Notch1IC-gfp retroviruses were prepared as previously described (Hitoshi et al., 2002) . Twenty-four hours after infection with the supernatants and 0.1 M polybrene transduced cells were isolated by fluorescence-activated cell sorting using a MoFlow sorter (Dako) and plated in neurosphere or differentiation media.
Immunocytochemistry. Fixed cells were washed three times with PB and incubated in PB containing 10% normal goat serum and 0.3% Triton X-100 (blocking buffer) for 30 min. For triple immunofluorescent detection of neural derivatives, coverslips were incubated with mouse anti-␤III-tubulin (clone Tuj1; 1:300; Covance), rabbit anti-GFAP (1:250; Dako), and rat anti-O4 (1:3; Developmental Studies Hybridoma Bank) primary antibodies for 12 h at 4°C. After several washes in PBS, immunoreactivity was detected with Cy3-conjugated donkey-anti-mouse (1:1500; Jackson ImmunoResearch Laboratories), Alexa Fluor 350-conjugated anti-rabbit (1:200; Invitrogen), and biotinylated goat anti-rat (1:300; Vector Laboratories) followed by Cy2-labeled streptavidin (1: 200; Jackson ImmunoResearch Laboratories). The following antibodies were also used: mouse anti-nestin (undiluted; Developmental Studies Hybridoma Bank), rabbit anti-activated caspase 3 (1:100; Cell Signaling Technology), p53 (1:500; Novocastra), Notch intracellular domain (NICD) (1:200; Abcam), S100␤ (1:100; Dako), or MAP2 (1:500; Santa Cruz Biotechnology), and goat anti-GFP (1:500; Abcam). Immunoreactivities were detected with Alexa Fluor 488-conjugated (1:500; Invitrogen) or Cy3-conjugated (1:1500; Jackson ImmunoResearch Laboratories) secondary antibodies. Cells were counterstained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI), washed in PB, and mounted with Fluorsave (Calbiochem). Immunofluorescent samples were analyzed and photographed using a Nikon Eclipse E600 microscope equipped with a digital camera and fluorescent images combined using Adobe Photoshop.
Neuritic-dendritic measurements. Differentiated cultures were stained with mouse anti-␤III-tubulin and appropriate fluorescence-conjugated secondary antibodies as described above. No less than 60 randomly chosen neurons from each of three independent experiments per genotype were photographed at a 400ϫ magnification in a Nikon E600 microscope equipped with fluorescence and a CCD camera. Neuritic arbors of photographed neurons were traced and the drawings were analyzed by direct counting of the end points as a measurement of neuritic complexity. For measurement of dendrites in vivo, randomly selected CRϩ neurons in the granular layer of the OB that were also positive for the detection of BrdU injected a month before killing were drawn at a 400ϫ magnification in a Nikon E600 microscope equipped with fluorescence and a CCD camera and the longest dendrite measured using the Scion Image software package.
Confocal quantitative telomere fluorescence in situ hybridization. Dispersed neurospheres extracted from 2-and 12-month-old mice were centrifuged onto microscope slides using a cytospin (Cytospin 3; Thermo Fisher Scientific). After air drying, cells on slides were fixed in methanol/ acetic acid (3:1) for 1 h and dried overnight. For telomere length quantification on interphasic nuclei, slides were hybridized with a PNA-tel Cy3-labeled probe, and telomere length was determined as described previously (Flores et al., 2008) . DAPI and Cy3 signals were acquired simultaneously into separate channels using a confocal ultraspectral microscope (Leica TCS-SP2-A-OBS-UV) using a PL APO 20ϫ/0.70 PH 2 as lens with Leica LCS software and maximum projections from image stacks (10 sections at steps of 1.0 m) were generated for image quantification. The DAPI image was used to define the nuclear area and the Cy3 image to quantify of telomere fluorescence. The binary DAPI mask was applied to the matching Cy3 to obtain a combined image with telomere fluorescence information for each nucleus. Cy3 fluorescence intensity (telomere fluorescence) was measured as "average gray value" (total gray value/nuclei area) units (arbitrary units of fluorescence). These "average telomere fluorescence" values always represent the average Cy3 pixel intensity for the total nuclear area, and not the average value of individual telomere spot intensities, therefore ruling out that differences in nuclear size may influence telomere length measurements.
RNA isolation and semiquantitative and quantitative PCR analyses. RNA was extracted using a RNeasy MicroKit (QIAGEN) and 1 g of RNA was reverse transcribed into cDNA using random 6 bp oligonucleotides (3 g/l; Invitrogen) and 200 U of SuperScript II RT reverse transcriptase (Invitrogen), in a reaction volume of 40 l in the presence of first-strand buffer (50 mM Tris-HCl, 75 mM KCl, 3 mM Mg 2 Cl), 5 mM DTT, and 0.25 mM each of dNTPs (GE Healthcare) for 2 h at 42°C. For PCR analysis, 1 l of cDNA was used as template in a reaction volume of 20 l containing 4 mM Tris-HCl, 20 mM KCl, 20 M EDTA, 200 M DTT, 0.25 mM dNTPS (GE Healthcare), 0.25 M primers (Sigma-Genosys), 1 U of TaqDNA polymerase (Eppendorf), and appropriate primer sequences (supplemental Table 1 , available at www.jneurosci.org as supplemental material). The PCRs were conducted under the following cycling conditions: initial denaturation at 94°C for 5 min, followed by 40 cycles consisting of denaturation at 94°C for 30 s, primer annealing at 60°C for 30 s and extension at 72°C for 30 s, followed by an additional final extension at 72°C for 10 min. Actin PCR parameters were identical except for the annealing temperature (59°C) and the number of cycles (20) . After densitometry of the ethidium bromide-stained bands, the expression levels were normalized with respect to ␤-actin. Real-time quantitative PCR for Tert determination at different ages was performed in a DNA Engine 2 Opticon detection system (Bio-Rad) using SYBR Green I as a double-strand DNA-specific binding dye. Thermocycling was performed in a final volume of 20 l containing 2 l of cDNA sample (diluted 1:5), 20 pmol of each primer (supplemental Table 1 , available at www.jneurosci.org as supplemental material), 2 mM MgCl 2 , 0.2 mM dNTP mixture, 1ϫ Taq reaction buffer, 0.5 U of HotStart TaqDNA polymerase, and 0.5 l of a 1:3000 dilution of SYBR Green I.
Statistical analyses. Data are always presented as the mean Ϯ SEM and the number of experiments performed in independent cultures/animals (n) are indicated. Tests of variance homogeneity, normality, and distribution were performed to ensure that the assumptions required for standard parametric ANOVA were satisfied. Statistical analyses were performed by ANOVA to compare group means. In all analyses, the null hypothesis was rejected at Ն0.05. For comparisons between relative values, these were first normalized by using an arcsin transformation.
Results
Deficient neurogenesis and neuritogenesis during aging correlates with reductions in telomere lengths in adult SEZ NSCs OB neurogenesis declines with age as a consequence of the loss of slowly cycling NSCs (Enwere et al., 2004; Maslov et al., 2004) . The committed progeny of SEZ NSCs are ␤III-tubulinϩ neuroblasts and these have also been shown to decrease in number during aging (Luo et al., 2006) . Accordingly, when we injected BrdU a month before killing to label newly generated neurons in the OB, we detected reduced densities of BrdUϩ neurons in the granular and periglomerular layers of the OB of 12-month-old mice compared with young 2-month-old mice. Neuroblasts generated in the SEZ terminally differentiate in the OB into different types of inhibitory interneurons [i.e., those positive for the calcium binding proteins calretinin (CR) and calbindin (CB) or for tyrosine hydroxylase (TH)] (Whitman and Greer, 2007) . When we combined BrdU immunohistochemistry with the detection of the interneuron-specific marker CR, we observed that the density of BrdU-LRCs that were CRϩ was decreased in old mice ( Fig.  1 A, AЈ,B) . But more interestingly, newborn CRϩ neurons in the OB granular layer of aged mice appeared less differentiated and displayed significantly shorter dendrites than in 2-month-old mice (mean length of the longest neurite per CRϩ BrdU-LRC Ϯ SEM, 13.4 Ϯ 0.8 m in 2-month-old mice and 9.2 Ϯ 0.6 m in 12-month-old mice; n ϭ 3 independent animals per age; p Ͻ 0.05) ( Fig. 1 A, AЈ) . These results are in line with the previous report that dendritic growth of newly born neurons is significantly retarded in the aged dentate gyrus (Rao et al., 2005) .
Multipotent self-renewing NSCs can be grown in vitro as clonal aggregates named "neurospheres" in the presence of EGF and FGF2 and differentiated to the three major neural lineages when seeded without EGF onto an adhesive substrate (Reynolds and Weiss, 1992; Ferró n et al., 2007) . Neurosphere cultures isolated from the SEZ of 12-month-old mice produced numbers of neurons equivalent to those of young mice (percentage of ␤III-tubulinϩ cells, 16.7 Ϯ 0.4 vs 15.4 Ϯ 1.1, respectively; n ϭ 3 independent cultures per age) when they were seeded in Matrigel and differentiated for 7 div, in agreement with previous reports (Ahlenius et al., 2009 ). However, and in agreement with our in vivo results, ␤III-tubulinϩ neurons in 12-month-old cultures had fewer neuritic end points (as a measurement of the degree of neurite branching and complexity) compared with those in 2-month-old cultures (mean number of end points per ␤III-tubulinϩ neuron Ϯ SEM, 12.4 Ϯ 0.8 and 9.0 Ϯ 0.7, respectively; n ϭ 3 independent animals per age; p Ͻ 0.01) (Fig. 1C) . Thus, our data demonstrated deficits in neuritogenesis in addition to previously reported deficits in neurogenesis in aging mice.
Telomerase is expressed by cells in neurogenic regions of the adult mouse brain (Caporaso et al., 2003) ; however, telomapping analysis indicates that telomeres do shorten with age in adult stem cell populations including those of the dentate gyrus (Flores et al., 2008) , suggesting potential temporal changes in telomerase activity. Measurements of mRNA levels for the enzyme component of the telomerase complex (Tert) in tissue homogenates from the ganglionic eminences of E14.5 embryos and from the SEZ of early postnatal, adult, and aged mice indicated a progressive reduction in telomerase levels ( Fig. 1 D) . Tert levels were also reduced in growing neurospheres from 12-month-old relative to 2-month-old mice; consistently, neurosphere cells from 12-monthold mice exhibited telomeres that were significantly shorter than those from young mice in confocal quantitative telomere fluorescence in situ hybridization analysis (Fig. 1 E) . These results together suggested potential changes in telomere integrity during normal aging and revealed a correlation between telomerase activity/telomere lengths and age-dependent reductions in stem cell activity, neurogenesis, and neuritogenesis in the SEZ.
We next set out to analyze whether short telomeres do negatively impact on neuritogenesis. Cells from laboratory mouse strains have very long telomeres compared with humans and to wild mice (40 -60 vs 5-10 kbp) (Prowse and Greider, 1995; Blasco et al., 1997) . Therefore, effects of telomere shortening are usually analyzed in the offspring of several consecutive inbred generations (G) of mice that lack telomerase activity because of targeted deletion of the RNA component of the telomerase complex Terc (Terc mutant mice). At G 4 (in a pure C57BL/6 genetic background) to G 6 (in mixed C57BL/6/129Sv background), Tercnull mice exhibit a high incidence of critically short telomeres, reduced fertility, and premature aging phenotypes including shorter life span (Blasco et al., 1997; Herrera et al., 1999; Rudolph et al., 1999; Flores et al., 2005; Flores and Blasco, 2009 ). We had previously reported that neurosphere cells from the SEZ of young G 2 -G 4 Terc Ϫ/Ϫ mice (in a mixed genetic background) exhibited a significant incidence of critically short telomeres and severe defects in the propagation and persistence of GFAPϩ SEZ cells as well as reduced numbers of ␤III-tubulinϩ neuroblasts (Ferró n et al., 2004) . Similarly, we found reductions in the total numbers of BrdUϩ proliferating cells and of ␤III-tubulinϩ neuroblasts in the SEZ of G 3 Terc Ϫ/Ϫ mice in a pure C57BL/6 background (supplemental Fig. 1 A-C, available at www.jneurosci.org as supplemental material). Consistently, we observed a significant reduction in the overall volume of the OB of G 3 Terc-mutant mice (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material) along with reduced densities of granular CRϩ and CBϩ neurons, of periglomerular THϩ neurons, and of BrdU-LRCs and CRϩ BrdU-LRCs in the granular and periglomerular layers ( Fig. 2A,B ; supplemental Table 2 , available at www. jneurosci.org as supplemental material). These results indicate that neurogenesis to the OB is significantly reduced in mice bearing critically short telomeres.
Although SEZ neurogenesis was greatly diminished in G 3 Terc-mutant mice, the proliferative activity of neuroblasts, measured as the percentage of ␤III-tubulinϩ cells that incorporated Table showing the relative number of BrdU-LRCs and the percentage of CRϩ BrdU-LRCs in the granular layer of the OB in 2-and 12-month-old mice (n ϭ 3 mice per age). C, ␤III-tubulinϩ neurons differentiating in neurosphere cultures obtained from 12-month-old mice exhibit shorter and less developed neuritic arbors when compared with cultures from 2-month-old mice. D, Measurement of the levels of the mRNA of the enzyme telomerase (Tert) relative to ␤-actin levels, in tissue homogenates from E14.5 ganglionic eminences and from the SEZ of early postnatal (P), adult, and aged mice (n ϭ 3 mice per age). E, Table showing the quantification of the levels of the mRNA of Tert relative to ␤-actin levels and the relative length of telomeres in neurosphere cells isolated from 2-and 12-month-old mice (n ϭ 3 independent cultures per age; a.u., arbitrary units). Error bars indicate SEM. *p Ͻ 0.05, **p Ͻ 0.01. Scale bars: A, 30 m; A, 10 m; C, 30 m.
BrdU injected during the 12 h period preceding killing (seven injections; one every 2 h), did not differ between genotypes (WT, 14.6 Ϯ 1.1%; G 3 Terc Ϫ/Ϫ mice, 11.9 Ϯ 2.1%; n ϭ 3 independent animals per genotype). This was a remarkable observation, since the NSCs which gave rise to ␤III-tubulinϩ neuroblasts in Terc Ϫ/Ϫ animals exhibited eroded telomeres and reduced proliferation (Ferró n et al., 2004) , and it suggested that proliferation of committed neural progenitors may be insensitive to telomere shortening. Conversely, we observed that normally proliferating ␤III-tubulinϩ committed neuroblasts in G 3 Terc Ϫ/Ϫ mice appeared to differentiate poorly. Quantification of the length of the longest dendrite in CRϩ BrdU-LRCs indicated that CRϩ neurons in the OB granular layer of G 3 Terc Ϫ/Ϫ mice exhibited shorter dendrites than wild-type neurons (Fig. 2 B, C) . Thus, neuroblasts with eroded telomeres exhibit normal proliferation but reduced neuritogenesis.
All deleterious effects of critically short telomeres on adult neurogenesis, including those on neuronal differentiation, are mediated by p53 Experimental evidence has indicated that telomere dysfunction is sensed by the cell as DNA damage, and hence many senescent phenotypes in telomerase-deficient mice are mediated by effects of activated p53 on the transcription of genes involved in cell cycle arrest and/or apoptosis (Chin et al., 1999; d'Adda di Fagagna et al., 2003; Flores and Blasco, 2009) . NSC proliferation defects in the SEZ of young G 2 -G 4 Terc Ϫ/Ϫ mice were associated with increased levels of nuclear p53 (Ferró n et al., 2004) , but the potential functional involvement of this tumor suppressor protein in mediating the effects of short telomeres in NSCs was not addressed. To do so, we generated increasing generations of mice that were deficient in both p53 and Terc on a C57BL/6 pure background and analyzed adult neurogenesis in G 3 Terc Ϫ/Ϫ ;p53 Ϫ/Ϫ as well as in single mutant and wild-type mice.
Measurements of BrdU incorporation in mice of the different genotypes injected seven times with BrdU on the day of killing showed the rescue of the G 3 Terc Ϫ/Ϫ proliferative defect to wildtype levels in double-mutant animals (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). G 3 Terc Ϫ/Ϫ mice showed a specific reduction in the density of GFAPϩ cells that were present in the SEZ and a decrease in their rate of proliferation, whereas in G 3 Terc Ϫ/Ϫ ;p53 Ϫ/Ϫ and p53
Ϫ/Ϫ mice, we found normal GFAPϩ cell densities and a substantial recovery in the proliferative activity of GFAPϩ cells (Fig. 2 D; supplemental Fig. 1 E, available at www.jneurosci.org as supplemental material). Consistently, we observed reductions in the total number of GFAPϩ/Sox2ϩ cells that retained BrdU for a month in the SEZ of G 3 Terc Ϫ/Ϫ mice, which were not observed when the telomerase mutation was on a p53-null background (Fig. 2 E) . The recovery in the number and proliferation of telomerase-deficient NSCs in a p53-null background indicated that p53 was inducing telomere-driven growth arrest in these cells.
In agreement with a decrease in the number of GFAPϩ/ Sox2ϩ/BrdU-LRCs, primary neurosphere yield from G 3 Terc Ϫ/Ϫ mice was reduced when dissociated cells were seeded at very low density, but similar numbers of neurospheres were obtained from G 3 Terc Ϫ/Ϫ ;p53 Ϫ/Ϫ or p53 Ϫ/Ϫ animals relative to wild-type mice (Fig. 2 F 
, G). Primary neurospheres formed by G 3 Terc
Ϫ/Ϫ cells exhibited a significantly smaller size than those formed from wild-type cells, but this phenotype was also rescued in the absence of p53 (Fig. 2 F) .
Self-renewal can be evaluated by assaying the number of cells in the neurosphere culture that are capable of forming new secondary clones. When equal numbers of dissociated cells of different genotypes were replated at low density, we found that the number of secondary spheres was reduced in G 3 Terc Ϫ/Ϫ cultures. Interestingly, reductions in self-renewal were not noticeable when cells were cultured at higher density (Ferró n et al., 2004) , suggesting that autocrine secreted factors may indeed counteract the clonogenic deficiency of cells with short telomeres. The deficit in self-renewal observed in G 3 Terc Ϫ/Ϫ cultures returned to wild-type values in NSC cultures derived from doubly deficient mice (supplemental Fig. 2 A, available at www. jneurosci.org as supplemental material). As previously reported (Gil-Perotín et al., 2006; Meletis et al., 2006) , p53 single mutant neurosphere cells exhibited increased clonogenic capacity, suggesting that p53 is a negative regulator for self-renewal and, therefore, may act as a limiting factor for stem cell long-term persistence. G 3 Terc Ϫ/Ϫ cultures failed to expand for more than three passages (for G 2 -G 4 Terc Ϫ/Ϫ cultures on a mixed genetic background, see also Ferró n et al., 2004); however, as a result of the recovery in both self-renewal and proliferation kinetics in G 3 Terc Ϫ/Ϫ ;p53 Ϫ/Ϫ cultures, we obtained normal growth curves at early and late passages allowing for the net expansion of doubly mutant cultures for Ͼ7 months (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). Consistent with the decrease in self-renewing capacity and in size, G 3 Terc Ϫ/Ϫ neurosphere cells were less multipotent as observed in differentiation clonal analyses in which single neurospheres of either genotype were allowed to differentiate for 7 div and stained with antibodies to ␤III-tubulin (neurons), GFAP (astrocytes), and O4 (oligodendrocytes) (supplemental Fig. 2C , available at www. jneurosci.org as supplemental material). Thus, the reduction in primary and secondary neurosphere numbers and in multipotency observed in cultures isolated from G 3 Terc Ϫ/Ϫ mice was completely rescued by p53 abrogation, indicating that the increase in p53 activity caused by telomere shortening mediates the observed defects in stemness. Interestingly, short telomeres blocked the increased clonogenic capacity of p53-deficient cells, suggesting that telomere shortening can in turn act as a brake in highly proliferative stem cells.
Because of the complete recovery of telomere-driven defects in G 3 Terc Ϫ/Ϫ neurosphere-forming cells lacking p53, we next assayed whether the absence of p53 in double-mutant cells could also fully restore the deficit in neurogenesis observed in lategeneration Terc-mutant mice. Indeed, we observed normal numbers of ␤III-tubulinϩ cells and normal OB volume (supplemental Fig.  1 B-D , available at www.jneurosci.org as supplemental material) as well as normal densities of OB LRCs, CRϩ, CBϩ, THϩ, and CRϩ-LRCs (Fig. 2 A, B Fig. 2 B, C) , supporting the notion that p53 activation on telomere damage also interferes with neuronal differentiation in vivo. These rescue experiments suggested that p53 deletion improves the potential of NSCs with dysfunctional telomeres for brain regeneration both at the level of neuronal production and at the level of neuronal differentiation.
p53 mediates negative effects of short telomeres on neuritogenesis
To further investigate the possibility that normal differentiation of adult NSCs was altered by telomere attrition through p53 activation, cells isolated from the SEZ of G 3 Terc Ϫ/Ϫ ;p53 Ϫ/Ϫ mice as well as of single-mutant and wild-type mice were induced to differentiate for 7 div onto Matrigel in the absence of mitogenic stimulation, and the proportions of neurons and glial cells were determined after immunostaining with antibodies to ␤III-tubulin (neurons), GFAP and S100␤ (astrocytes), and O4 (oligodendrocytes). Quantitative analysis indicated that glial differentiation was normal but that ␤III-tubulinϩ cells were fewer and their neuritic arbors were less developed in mutant cultures (Fig. 3A-D) . No difference in the number of apoptotic neurons was seen by analysis of chromatin condensation in ␤III-tubulinϩ cell nuclei at 4 (WT, 2.1 Ϯ 0.2%; G 3 Terc Ϫ/Ϫ , 2.9 Ϯ 1.2%; n ϭ 3) or 7 div (WT, 2.9 Ϯ 0.4%; G 3 Terc Ϫ/Ϫ , 2.9 Ϯ 0.8%; n ϭ 3), indicating that the reduction in the number of neurons generated from telomerase-deficient cells was not attributable to decreased neuronal survival. However, more mutant cells remained as nestinϩ undifferentiated precursors 2 d after the onset of differentiation (WT, 52.1 Ϯ 1.9%; G 3 Terc Ϫ/Ϫ , 70.9 Ϯ 1.1%; n ϭ 3), suggesting that telomere shortening negatively impacts on the neurogenic potential of adult neurosphere cells. We next quantitated the morphology of the neuritic arbors by determining the number of end points displayed by ␤III-tubulinϩ cells; in our 7 div cultures the staining for ␤III-tubulin and the more mature neuronal differentiaton marker MAP2 coincided in the vast majority of neurons (supplemental Fig. 3A , available at www. jneurosci.org as supplemental material). Similarly to the in vivo situation, fully differentiated mutant neurons also exhibited significantly reduced numbers of end points compared with wildtype neurons, indicating that the ability of a neuron to extend neurites may depend on chromosomal integrity (Fig. 3C,D) .
Consistent with a role for p53 in mediating the deficit in neuronal yield and neuritogenesis exhibited by telomerase-deficient cells, neurosphere cultures derived from G 3 Terc Ϫ/Ϫ ;p53 Ϫ/Ϫ adult mutant mice that had been differentiating for 7 div exhibited wild-type proportions of neurons (Fig. 3A,B) . Accompanying this rescue, we observed that the percentage of nestinϩ undifferentiated progenitor cells at 2 div returned to wild-type levels (G 3 Terc
, 56.6 Ϯ 2.2%; n ϭ 3). Likewise, deficient neuritic parameters observed in G 3 Terc Ϫ/Ϫ cells were also normalized in G 3 Terc Ϫ/Ϫ ; p53 Ϫ/Ϫ cells ( Fig. 3B-D) . Together, these results suggested that telomere dysfunction results in defective neurogenesis both at the level of neuronal fate determination/differentiation and at the level of neuritogenesis/maturation, and that both defects are mediated through p53.
Normally proliferating embryonic NSCs with critically short telomeres exhibit specific defects in neuronal differentiation
Although the roles of telomerase and of telomere lengths in the proliferation and self-renewal of adult stem cell populations are beginning to be elucidated (Flores et al., 2006) , studies on the potential effects of telomere dynamics on stem cell differentiation are very scarce. Deficits in osteogenic potential in mesenchymal stem cells or mobilization defects in hair follicle stem cells in late generation telomerase-deficient mice have been observed (Liu et al., 2004; Flores et al., 2005) , but because cells with dysfunctional telomeres usually exhibit abnormal cell cycling, the defect could be a consequence of the deficient proliferative activity of these cells. In a previous report, we had shown that embryonic NSCs (eNSCs) obtained from G 5 Terc Ϫ/Ϫ mutant E14.5 embryos exhibited critically short telomeres but expanded normally in vitro (Ferró n et al., 2004 ). This provided a very adequate system in which to test whether telomere erosion had effects on cell differentiation that could potentially be independent from effects on cell cycle and/or survival.
To study the impact of telomere damage on the multipotency and differentiation of these eNSCs, we differentiated either single intact neurospheres (clonal differentiation) or cells dissociated from neurospheres (populational differentiation) of either genotype for 7 div and stained them with antibodies to the three major cell lineages (Fig. 4 A) . We found no significant changes in the frequency of tri/bi/unipotent clones between wild-type and G 5 Terc Ϫ/Ϫ cultures in clonal differentiation analyses (Fig. 4 B) , suggesting that telomere damage and/or lack of telomerase do not reduce stemness in eNSCs. In populational differentiation assays, however, we observed that Terc Ϫ/Ϫ cells differentiated to wildtype proportions of GFAPϩ astrocytes and O4ϩ oligodendrocytes but to lower proportions of ␤III-tubulin neurons ( Fig. 4C ; supplemental Fig. 3A -C, available at www.jneurosci.org as supplemental material). We could obtain the same results with the neuronal marker MAP2 (Fig. 4 D; supplemental Fig. 3A -C, available at www.jneurosci.org as supplemental material). In these assays, the proportion of cells that did not stained for any of the neural markers was increased (Fig. 4C) ; indeed, the mutation appeared to block neuronal differentiation by retaining a fraction of the committed progenitor cells in an immature state, since we observed an increase in the proportion of cells that stained positive for the undifferentiation marker nestin in mutant relative to control cultures after 2 div (Fig. 4 E) . These results suggested that neural precursors with short telomeres fail to successfully engage the neuronal differentiation program.
We then focused specifically on the neuronal progeny of wildtype and mutant eNSCs. G 5 Terc Ϫ/Ϫ neurons allowed to differentiate for up to 7 div clearly displayed reduced neuritic arbors when compared with wild-type cells (Fig. 4 F) . A quantitative analysis of the degree of branching complexity in neurons of the two genotypes that had been differentiating for 7 div revealed significantly reduced numbers of neurites and ramifications in mutant cultures as reflected in the number of end points per neuron (Fig. 4 F) . These results indicated that telomerasedeficient fetal NSCs that exhibit intact self-renewal and multipotency not only fail to differentiate into normal proportions of neurons, but cells that do acquire this fate poorly mature.
To investigate whether this telomere-dependent neuritogenic phenotype was cell-autonomous, we coseeded wild-type eNSCs together with an equal number of either wild-type or G 5 Terc Ϫ/Ϫ eNSCs that had been previously infected with a retrovirus carrying gfp and FACS sorted to obtain pure green fluorescent populations that could be easily distinguished in the coculture. We analyzed the proportion and the neuritic branching parameters of both GFPϩ non-GFPϩ ␤III-tubulin neurons in all cocultures (supplemental Fig. 4 A, available at www.jneurosci.org as supplemental material). Mutant GFPϩ cells differentiated to reduced proportions of ␤III-tubulinϩ neurons that exhibited the characteristic stunted phenotype, and wild-type (non-GFP) neurons differentiated normally whether they were cultured in the presence of mutant GFPϩ cells or in the presence of wild-type GFPϩ cells (supplemental Fig. 4 B, available at www. jneurosci.org as supplemental material). These data supported a cell-autonomous role of telomere damage on neuronal differentiation.
The enzyme component of the telomerase complex, Tert, can have effects other than telomere reelongation (i.e., directly promoting cell survival) (Shi et al., 2002; Simonsen et al., 2002 ) (for review, see Blasco, 2002) . To investigate whether Tert itself could directly regulate neuronal differentiation, we nucleofected wild-type and G 5 Terc Ϫ/Ϫ proliferating eNSCs with a mouse Tert expression construct (pcDNA-mTertgfp) and seeded transduced cells for differentiation (Fig. 4G ). Quantitative analysis of end points in GFPϩ neurons revealed that transient overexpression of telomerase [1.6 Ϯ 0.3-fold change above basal endogenous level in Tert mRNA, as determined by reverse transcription (RT)-PCR] neither modifies neuritogenesis in wild-type cultures (relative number of end points per GFPϩ/␤III-tubulinϩ neuron in gfpmTert vs gfp transduced cultures, 0.9 Ϯ 0.1; n ϭ 3) nor reverts the neuronal phenotype caused by accumulated telomere erosion in G 5 Terc Ϫ/Ϫ cultures (1.1 Ϯ 0.2; n ϭ 3). Therefore, we could not detect direct effects of telomerase levels on neuritogenesis.
Abnormal neuronal differentiation of normally proliferating embryonic NSCs correlate with levels of p53
Our results suggested that telomere attrition results in deficits in neuritogenesis that are independent from cell cycling. We had previously reported that proliferating G 5 Terc Ϫ/Ϫ eNSCs displayed increased levels of nuclear p53 (Ferró n et al., 2004) . In the present work, we could also observe a 10-fold increase in the proportions of cells displaying high levels of nuclear p53 in G 5 Terc Ϫ/Ϫ versus wild-type cultures during differentiation (WT, 5.1 Ϯ 1.5%; G 5 Terc Ϫ/Ϫ , 52.5 Ϯ 4.8%; n ϭ 3 per genotype; p Ͻ 0.001). Moreover, luciferase activity assays using the p53-responsive PIG3-luciferase reporter demonstrated that p53 was active on both differentiating and proliferating G 5 Terc Ϫ/Ϫ cultures nucleofected with this construct 24 h before the luminescence assay (Fig. 5A) , and consistently, transcript levels for the cell cycle regulator p21, a p53-downstream target, were upregulated in mutant cultures (Fig. 5B) .
Provided the impact of p53 on cell cycle arrest and apoptosis in several cell types (Vogelstein et al., 2000) , we sought to determine whether the decrement in neurogenesis observed in mutant cultures could be attributable to a reduction in the proliferation of cells committed to a neuronal fate and/or to promotion of neuronal death subsequent to increased levels of p53. A 5 min pulse of BrdU in cultures at 2 div revealed no differences in the percentages of ␤III-tubulinϩ neuroblasts that were in S-phase between wildtype and mutant cultures (WT, 31.7 Ϯ 9.9%; G 5 Terc Ϫ/Ϫ , 36.7 Ϯ 9.8%; n ϭ 3 independent cultures per genotype). Cell death was also unaffected, as measured by immunostaining for activated caspase 3 during the time course of differentiation (Fig. 5C) . These results were consistent with the observed lack of differences in the expression levels of p53-downstream targets involved in the regulation of apoptosis, such as Bax, Noxa, Perp, or PUMA (p53-upregulated modulator of apoptosis), between mutant and wild-type eNSCs (Fig. 5B ) and excluded cell death as the mechanism underlying the observed neurogenic defect.
When neurons were specifically examined for p53 immunoreactivity, we observed that ϳ25% of all G 5 Terc Ϫ/Ϫ ␤III-tubulinϩ cells expressed p53 as opposed to only 4% in wild-type cultures (Fig. 5D) . Moreover, defects in the complexity of neuritic arborization appeared to be more prominent in p53-positive G 5 Terc Ϫ/Ϫ mutant neurons when compared with p53-negative ones (Fig. 5 D, E) . Thus, the accumulation of nuclear p53 was coincidental both with the reduction in the number of neurons and with the poor maturation of eNSCs with short telomeres. All the data together suggested that telomere damage disrupts neuronal differentiation of otherwise normal NSCs through p53 activation.
Because our data suggested specific effects of p53 on neuritogenesis, we cultured postmitotic neurons isolated from the striatum of p53-deficient and wildtype E14.5 embryos. When neuritic arbors were analyzed 7 d after plating, we found that p53-deficient postmitotic striatal neurons grew larger and more exuberant dendritic arbors than wild-type neurons, as reflected in higher numbers of end points per neuron (WT, 9.3 Ϯ 1.1; p53 Ϫ/Ϫ , 17.4 Ϯ 1.9; n ϭ 3 per genotype; p Ͻ 0.01) (Fig. 5F ). Our results in neurosphere cultures and in acutely dissociated postmitotic neurons indicated that p53 regulates neuritogenesis during neuronal differentiation in a manner that is independent from its effects on cell cycling. p53 regulates neuritogenesis through ROCK1/2 in cooperation with the Notch pathway Although p53 has been shown to mediate all adverse effects of telomere attrition on cell cycle arrest and/or apoptosis in proliferative cells, including stem cell populations, specific effects of short telomeres and p53 activation on neuronal differentiation have not been extensively investigated. However, some experimental evidence suggest that p53 can play a role in neuronal differentiation. A previous genome-wide chromatin immunoprecipitation cloning analysis in PC12 cells indicated that p53 is transcriptionally activated and contributes to NGF-mediated differentiation in this cell line (Brynczka et al., 2007) . Moreover, suppression of p53 activity in fetal cerebellar neurons accelerates their terminal differentiation (Ferreira and Kosik, 1996) and in neurospheres from fetal olfactory bulb favors neuronal differentiation (Armesilla-Diaz et al., 2009) . Therefore, we decided to investigate the potential mechanism(s) mediating p53 effects on neuronal differentiation and neuritogenesis in populations of adult and fetal neurosphere cells, by focusing on putative downstream target genes that could be implicated in these processes.
It has been recently reported that p53-dependent transcriptional regulation of Notch1 expression in keratinocytes inhibits tumor progression (Lefort et al., 2007) . Notch is a key regulator of stem cell fate determination and differentiation, but it also ap- pears to play a role in neuritogenesis in postmitotic neurons, as Notch activity inversely correlates with total neurite length and overall branching (for review, see Whitford et al., 2002; SalamaCohen et al., 2005) . Notch1 and Notch3 are transmembrane receptor proteins that become activated by transmembrane ligands Delta and Jagged. On ligand binding, regulated cleavage of the NICD by a ␥-secretase complex is followed by translocation of the released fragment to the nucleus in which it activates transcription of downstream target genes (Mumm and Kopan, 2000) . To test whether neuritogenesis in our differentiating cultures was dependent on Notch activity, we treated differentiating adult wild-type and p53 Ϫ/Ϫ cultures with a pharmacological inhibitor of ␥-secretase activity, and analyzed neuritic parameters after 7 div. Inhibition of NICD production and nuclear targeting by treatment of wild-type adult cells with 1 M L-685.458 during the differentiation process resulted in more elaborate and lengthier neurites (Fig. 6 A-C) , suggesting that endogenous Notch activity does normally prevent neuritic arbors from overexpanding, as previously reported. However, p53 Ϫ/Ϫ neurites were insensitive to ␥-secretase inhibition (Fig. 6 A-C) , a result consistent with the possibility that p53 might modulate neuritogenesis by positively regulating Notch levels.
To explore whether the p53-mutant phenotype was indeed attributable to reduced Notch activity, and therefore insensitive to Notch signaling inhibition, we infected wild-type and p53 Ϫ/Ϫ adult cells with retroviruses carrying a constitutively active Notch1 intracellular fragment (NotchIC) (Hitoshi et al., 2002) , a procedure that leads to persistent ligand-independent activation of Notch. NotchIC overexpression leads to enhanced astrogliogenesis along with reduced neurogenesis (supplemental Fig. 5A-C, available at rameters of neurons differentiated for 7 div in these cultures, we observed that NotchIC overexpression completely rescued the profuse arborization phenotype exhibited by p53 Ϫ/Ϫ neurons, although constitutive activation of Notch did not alter the complexity of the neuritic arbors in wild-type cultures (suggesting that Notch blocking effect on neuritogenesis is already maximal) (Fig. 6D) . In line with these data, pharmacological suppression of Notch signaling in G 5 Terc Ϫ/Ϫ embryonic and G 3 Terc Ϫ/Ϫ adult cultures, which have elevated levels of p53, was sufficient to rescue the stunted phenotype of the mutant neurons (Fig. 6E,F) .
All these results were consistent with the possibility that Notch1 was a p53-target gene in our cells. However, we were not able to detect any changes in Notch1 or Notch3 mRNA levels in adult p53-deficient (absence of p53) or fetal G 5 Terc-deficient (excess of p53) cells (Fig. 6G) . Thus, in contrast to results in keratinocytes, Notch does not appear to be a downstream target of p53 in neural cells, although constitutive activation of Notch signaling rescues the neuritic p53 mutant phenotype. These results suggested that p53 and Notch might be acting in parallel to regulate neuritogenesis.
Neurite sprouting is ultimately dependent on pathways regulating actin dynamics (Luo, 2002 ) and an inverse relationship has been described between the induction of the small GTPase actinregulator RhoA or its downstream effectors, the RhoA-associated coiled serine/threonine kinases (Rock1 and Rock2), and neurite extension (Kozma et al., 1997; Hirose et al., 1998) . Cooperative positive effects of p53 and Notch in regulating the expression of Rock1 and 2 have been reported in keratinocytes (Lefort et al., 2007) . Because our data revealed a putative interplay between Notch signaling and p53, we decided to analyze their interaction in the regulation of these kinases. Both Rock1 and Rock2 mRNA levels were under the control of p53 and Notch in our cultures. We observed reduced levels of Rock1 and 2 in adult cells lacking p53 and increased levels in G 5 Terc-deficient fetal cultures that have higher levels of p53. NotchIC overexpression also resulted in increased mRNA levels for both genes, and more importantly, it rescued the reduction observed in p53 Ϫ/Ϫ cells to wild-type levels (Fig. 7A) . These data suggested that p53 and Notch could act in concert to regulate Rock1 and 2 transcriptions in neural cells as they do in keratinocytes.
To functionally assess that changes in Rock1/2 activity were mediating the effects of p53 and Notch in the neuronal differentiation of NSCs, we treated wild-type and p53 Ϫ/Ϫ adult cells transduced with either pMXIE-NotchIC-gfp or pMXIE-gfp with the Rock1/2 pharmacological inhibitor H-1152 and analyzed the morphology of the GFPϩ neurons. In wild-type neurons, inhi- bition of Rock1/2 activities resulted in more elaborate arbors, a result consistent with the described role of RhoA kinases in neuritogenesis inhibition (Fig. 7 B, C) . Branching in p53 Ϫ/Ϫ neurons was insensitive to Rock1/2 inhibition, in accordance with our result that lack of p53 reduces Rock1/2 levels. However, the rescuing effect of NotchIC overexpression on the p53 Ϫ/Ϫ phenotype was completely abrogated in the presence of Rock1/2 inhibitor H-1152 (Fig. 7 B, C) , an indication that Notch activity restores the p53 mutant neuritic phenotype to control values by upregulating the expression of the RhoA kinases. Moreover, H-1152-treated fetal G 5 Terc Ϫ/Ϫ and adult G 3 Terc Ϫ/Ϫ neurons exhibited more branches than untreated mutant neurons, a result consistent with the observation that increased levels of Rock1/2 in cells with activated p53 inhibit neuritogenesis (Fig. 7 D, E) . These results support our proposal that neuritic deficits caused by telomere attrition are, at least in part, mediated by p53-dependent upregulated levels of Rock1/2. Moreover, our results indicate that this pathway acts in parallel with the Notch pathway, suggesting that terminal differentiation in neuronal populations may depend on the combined action of extracellular signaling pathways and sensors of internal damage (Fig. 7F ).
Discussion
It is becoming increasingly clear that adult stem cells do bear an unlimited capacity to replicate themselves, partly because telomerase activity may not be sufficient to completely preserve telomere lengths in lifelong replicating cells. A relationship between telomere dysfunction in stem cells and aging is supported by the accelerated senescent phenotype of telomerase-deficient mice (Flores et al., 2006) . The observations that NSC telomeres shorten with age and that neurogenesis is impaired in telomerasedeficient mice suggest that telomere dynamics may also play a role in neurogenic niches during aging. Our results support a model whereby accumulated telomere shortening do impact on the potential of NSC populations to persist but also on the capacity of their progeny to terminal differentiate into fully mature neurons, suggesting that age-associated physiological impairments in neural structures that are supported by brainstem cells may additionally be attributable to abnormal differentiation. Our results also indicate that p53 is a central regulator of a novel checkpoint that limits the ability of different somatic stem cells with dysfunctional telomeres to regenerate adult tissues. In addition, the observation that the proliferative advantage displayed by p53-deficient cells (Gil-Perotin et al., 2006; Meletis et al., 2006;  our present data) can be counteracted by telomere shortening supports the notion that absence of telomere maintenance in postnatal individuals may act as a tumor-suppressive mechanism (Serrano and Blasco, 2007) .
Although the potential roles of telomere dynamics in adult stem cells are beginning to be elucidated (Flores et al., 2006) , studies on the potential effects of telomere dysfunction on their differentiation are very scarce. There is an increasing recognition, however, of the potential relationship between DNA damage/ telomere erosion and stem cell differentiation. Hematopoietic stem cell aging correlates with accumulated genomic damage and results in a skewing of lineage potential from lymphopoiesis toward myelopoiesis (Rossi et al., 2008) , and epidermal stem cell mobilization toward keratinocyte differentiation or osteogenic potential in mesenchymal cells are severely impaired in lategeneration Terc mutants (Liu et al., 2004; Flores et al., 2005) . However, because cells with dysfunctional telomeres usually exhibit abnormal cell cycling, these defects could be a consequence of a deficient proliferative history. Our results in fetal NSCs demonstrate for the first time that telomere attrition can cause impairments in terminal differentiation in a manner that is independent from its effects on cell cycling.
We have shown that all adverse effects of telomere dysfunction on brainstem cells, including those on neuronal differentiation and neuritogenesis, are mediated by activation of p53. Potentiating effects of p53 ablation on adult neurogenesis have been previously reported (Gil-Perotín et al., 2006; Meletis et al., 2006) . Conversely, reduction in NSC proliferation in the adult SEZ associated to an accelerated decline with age in the number of SEZ proliferating cells and in olfactory discrimination has been observed in mice overexpressing a constitutively active truncated form of p53 (p44Tg mice) (Medrano et al., 2007) . Previous studies have demonstrated that many senescent phenotypes in telomerase-deficient mice are indeed mediated by effects of activated p53 on the transcription of genes involved in cell cycle arrest and/or apoptosis (Chin et al., 1999; d'Adda di Fagagna et al., 2003; Flores and Blasco, 2009) . Our data point to an additional direct role of p53 in cell differentiation. All these results suggest that p53 is a central player of a novel checkpoint that limits the ability of different somatic stem cells with dysfunctional telomeres to regenerate adult tissues, including the brain.
The potential implication of p53 in the differentiation of neuronal precursors and of hippocampal and cerebellar neurons has been reported previously (Eizenberg et al., 1996; Ferreira and Kosik, 1996; Komarova et al., 1997; Armesilla-Diaz et al., 2009) . Neuronal differentiation has not been analyzed in p44Tg mice; however, results in vivo obtained in mice that overexpress wildtype p53 demonstrate the ability of p53 to affect cellular differentiation in other systems. Transgenic mice overexpressing p53 in a tissue-restricted manner exhibit abnormal differentiation resulting in atrophy of the organ targeted by the transgene expression (i.e., altered lens differentiation leading to microphthalmia or kidney atrophy with no changes in apoptosis or cell cycling) (Nakamura et al., 1995; Godley et al., 1996) . It is unclear what the mechanism(s) for the negative effect of shortened telomeres and p53 on cell differentiation in these different systems are. We have shown that specific defects of telomere shortening and p53 activation on neuritogenesis can be antagonized by Notch activity or by inhibition of RhoA effectors Rock1/2 and that expression of these latter molecules appears to be under the control of p53 activation, providing a link between DNA damage and deficient neuritogenesis. In contrast to results in primary human keratinocytes (Lefort et al., 2007) , we did not obtain any evidence that p53 modulates Notch expression in NSCs. Because overexpression of a constitutively active Notch completely rescues the p53 mutant phenotype, we cannot exclude the possibility that p53 regulates other molecules in the Notch pathway (Mumm and Kopan, 2000) . Our data indicate, however, that expression of Rock1 and 2 are modulated by activation of p53 and Notch. It has been previously shown that expression of the Rock2 gene in keratinocytes is under the negative control of Hes1, a classical Notch-dependent transcriptional repressor, and of p53 acting in parallel (Lefort et al., 2007) . Our data indicate that both p53 and Notch positively regulate Rock1 and 2, and rescue experiments suggest that they do so in concert. Additional work will be necessary to determine possible direct effects of p53 and Notch-dependent transcription factors on the promoters of these genes. Alternatively, potential nongenomic interactions of p53 and Notch signaling with Rock/RhoA remain also possible. No matter what the precise mechanism(s) may be, our data indicate that neuritogenesis in differentiating neurons is sensitive to both extracellular signaling pathways, such as Notch, and internal DNA damage sensors, such as p53, in a coordinated way.
We cannot exclude the possibility that other mechanisms might be involved in p53 effects on neuritogenesis. We have shown that expression of p21, but not expression of downstream proapoptotic molecules, is upregulated in NSCs with short telomeres and active p53. Increasing evidence suggests that p21 plays roles in differentiation of neural progenitor cells and of keratinocytes, in a cell cycle-independent way (Tanaka et al., 2002; Devgan et al., 2006) . Additional studies will be necessary to determine p21 contribution in NSC response to telomere shortening, although it may also differ from that of p53. Both p21 and p53-deficient adult NSCs exhibit increased proliferation, but, whereas p53-deficient NSCs are more clonogenic, NSCs that lack a functional p21 exhibit defects in self-renewal (Kippin et al., 2005; Gil-Perotin et al., 2006; Meletis et al., 2006) . Interestingly, although telomerase mutants that also lack p53 do not survive longer than those with an intact p53 checkpoint, a p21 deficiency extends the life span of mice bearing dysfunctional telomeres without accelerating cancer formation (Choudhury et al., 2007) . Recently, inhibition of the shelterin protein TRF2, which participates in the capping of uncompromised telomeres, has been shown to modulate neuronal differentiation by telomere-independent actions on gene silencing. Lack of TRF2 leads to REST degradation and subsequent de-repression of REST-targeted neural genes, resulting in acquisition of neuronal phenotypes (Zhang et al., 2008) . However, we could not see any changes in REST protein levels in p53-deficient neurosphere cultures relative to wild-type cultures (S. R. Ferró n and I. Fariñas, unpublished results). Interestingly, selective damage to telomeres without affecting TRF2 levels does not cause REST degradation (Zhang et al., 2008) . The same report indicated that telomere damage did not cause alterations in cell differentiation, suggesting that there could be differences between cell lines (immortalized, usually bearing high telomerase levels) and primary progenitors like the ones used in the present work.
The possibility that stem cells could be used as a therapeutic approach to age-related brain disorders has fueled studies about the effects of aging in the functionality of stem cells. Furthermore, the prospect that stem cells from endogenous reservoirs could be recruited for aged brain repair highlights the relevance of studying the impact of genomic instability and age-related intrinsic limits in NSC potentialities. Changes in niche extracellular growth factors and in circulating molecules appear to reduce proliferation of adult somatic stem cells. Indeed, examination of components of the EGF and FGF signaling pathways has suggested that a decreased response to mitogenic stimulation could underlie the progressive decay in SEZ neurogenic activity (Jin et al., 2003; Enwere et al., 2004; Maslov et al., 2004) . However, alternative mechanisms such as increased levels of intracellular cell cycle inhibitory molecules or accumulated genomic damage, including telomere shortening, could certainly play a role in the aging of neurogenic populations, among other adult stem cell populations (Molofsky et al., 2006; Rossi et al., 2008) . It has been proposed that recruitment strategies could be viable in the treatment of neurodegeneration because aged neurogenic areas of the brain can respond to growth factors with increased proliferation (Jin et al., 2003) . However, successful integration of stem cell progeny requires their full differentiation, which may be limited cell autonomously, as suggested by our data.
